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We are interested in a nonsmooth minimax programming Problem (SIP). Firstly, we establish the necessary optimality conditions
theorems for Problem (SIP) when using the well-known Caratheodory’s theorem. Under the Lipschitz (®, p)-invexity assumptions,
we derive the sufficiency of the necessary optimality conditions for the same problem. We also formulate dual and establish weak,
strong, and strict converse duality theorems for Problem (SIP) and its dual. These results extend several known results to a wider

class of problems.

1. Introduction

Convexity plays a central role in many aspects of mathe-
matical programming including analysis of stability, suffi-
cient optimality conditions, and duality. Based on convex-
ity assumptions, nonlinear programming problems can be
solved efficiently. There have been many attempts to weaken
the convexity assumptions in order to treat many practical
problems. Therefore, many concepts of generalized convex
functions have been introduced and applied to mathematical
programming problems in the literature [1]. One of these
concepts, invexity, was introduced by Hanson in [2]. Hanson
has shown that invexity has a common property in math-
ematical programming with convexity that Karush-Kuhn-
Tucker conditions are sufficient for global optimality of
nonlinear programming under the invexity assumptions.
Ben-Israel and Mond [3] introduced the concept of preinvex
functions which is a special case of invexity. Many other
concepts of generalized convexity such as (p, r)-invexity [4],
(F, p)-convexity [5], (F,a, p,d)-convexity [6], (C,a,p,d)-
convexity [7], and V-r-invexity [8] have also been introduced.
With these definitions of generalized invexity on the hand,
several authors have been interested recently in the optimality
conditions and duality results for different classes of minimax
programming problems; see [9-12] for details.

Recently, Antczak and Stasiak [13] generalized the defini-
tion of (®, p)-invexity notion introduced by Caristi et al. and
M. V. Stefdnescu and A. Stefdnescu [14, 15] for differentiable
optimization problems to the case of mathematical pro-
gramming problems with locally Lipschitz functions. They
proved sufficient optimality conditions and duality results
for nondifferentiable optimization problems involving locally
Lipschitz (®, p)-invex functions. Antczak [16] also consid-
ered a class of nonsmooth minimax programming problems
in which functions involved are locally Lipschitz (P, p)-
invex. We point out that this locally Lipschitz (®, p)-invexity
includes the (C, «, p, d)-convexity as a special case and Yuan
et al. [7] defined firstly the (C, , p, d)-convexity with a con-
vex functional C.

Due to a growing number of theoretical and practical
applications, semi-infinite programming has recently become
one of the most substantial research areas in applied math-
ematics and operations research. For more details on semi-
infinite programming we refer to the survey papers [17-19]
and for clear understanding of different aspects of semi-
infinite programming we refer to [20]. M. V. Stefanescu and
A. Stefanescu [17] considered differentiable Problem (SIP)
with new (@, p)-invexity. However, the results of this kind
of programming can not be used to deal with the concrete
nonsmooth semi-infinite minimax programming problem
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as presenting in Example 9 in Section 3 since the objective
function is nondifferentiable at x = 1. Therefore, we are inter-
ested in dealing with nonsmooth Problem (SIP) with locally
Lipschitz (®, p)-invexity proposed in [13], in this paper.

The rest of the paper is organized as follows. In Section 2,
we present concepts regarding Lipschtiz (O, p)-invexity. In
Section 3, we present not only necessary but also sufficient
optimality conditions for nonsmooth Problem (SIP). When
the necessary optimality conditions and the (®, p)-invexity
concept are utilized, dual Problem (DI) is formulated for the
primal (SIP) and duality results between them are presented
in Section 4. Section 5 is our conclusions.

2. Notations and Preliminaries

In this section, we provide some definitions and results that
we shall use in the sequel. Let X be a subset of R” and denote
Q:={1,2,....g,Q" :={1,2,....q"}, M :={1,2,...,m},and
M ={1,2,...,m"}.

Definition 1. A real-valued function f: X — R issaid to be
locally Lipschitz on X if, for any x € X, there exist a neigh-
borhood U of x and a positive constant T,, > 0 such that

If ) -f@|<Tly-=l,

Definition 2 (see [21]). Letd € R"and f: X — R.If

Vy,z € U (1)

1
£ (i d) = yhilx sup - (f+ud)-f(¥) (2
U

exists, then f O(x;d) is said to be the Clarke derivative of f
at x in the direction d. If this limit superior exists for all d €
R”, then f is called Clarke differentiable at x. The set

of ) ={¢1 fO(sd) = ({,d),vdeR"}  (3)
is called the Clarke subgradient of f at x.

Note that if a function is locally Lipschitz, then its Clarke
subgradient must exist.

The definition of the locally Lipschitz (®, p)-invexity was
introduced by Antczak and Stasiak [13]; see also the following
Definition 3. This generalized invexity was introduced as a
generalization of differentiable (®, p)-invexity notion defined
by Caristi et al. and M. V. Stefdnescu and A. Stefinescu in
[14,17]. The main tool used in the definition of the locally Lip-
schitz (®, p)-invexity notion is the above Clarke generalized
subgradient (see Definition 2).

Definition 3. Let f : X — R be a real-valued Lipschitz
function on X. For fixedu € X,let ® : X x X x R™' — R
be convex with respect to the third argument on R™*' such
that ®(x, u, (0,a)) > 0 for every x € X and anya > 0. If there
exists a real-valued function p(:,-) : X x X — R such that

V& € of (u)
(4)

f (x) - f (Ll) 2 (>) o (X, u, (E)P(-x’ Ll))) >
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holds forall x € X (x #u), then f is said to be (strictly) locally
Lipschitz (®, p)-invex at u on X or shortly (strictly) (P, p)-
invex at u on X. If f is (strictly) locally Lipschitz (®, p)-invex
atany u of X, then f is (strictly) locally Lipschitz (O, p)-invex
on X.

Remark 4. In order to define an analogous class of (strictly)
locally Lipschitz (®, p)-incave functions, the direction of the
inequality in the definition of these functions should be
changed to the opposite one.

In this paper, we deal with the nonsmooth semi-infinite
minimax programming Problem (SIP) with the locally Lip-
schitz (O, p)-invexity proposed by Antczak and Stasiak [13].
Here, Problem (SIP) is

min sup ¢ (x, y)
yey (SIP)
subject to ¥ (x,2) <0, z¢€Z,

where Y and Z are compact subsets of some Hausdorff
topological spaces, ¢(-,-) : R"XY — R,y(,-): R"XZ — R.
Let Egp be the set of feasible solutions of Problem (SIP); in
other words, Egp = {x € R” | y(x,z) < 0,z € Z}. For
convenience, let us define the following sets for every x €
Egpp:

J(x)={z € Z|y(x2) =0},

Z(x) = {z* €Zly(xz")= supv(x,z)},
zeZ (5)

Y (x) = {y* €Y |o(xy") =sup¢(x,y)}-
yey

If x € Egp, then J(x) represents the index set of the active
restrictions at x. Note that J(x) = Z(x) when J(x) is not
empty.

Consider the nonlinear programming problem

min f(x) P)
subject to g (x) <0,

where f,g: R" — R. A particular case of Problem (P) is the
minimax problem (SIP) in which the functions f, g are given
by

fx):= Sylelgfb(xw)) 6)
g (x) :=supy (x,2), )
zeZ

respectively. Let x, € Egp. Consider the following uncon-
strained optimization problem (P'):

min {h (x) | x € R"}, (P')

where h(x) := max{ f(x)- f(x,), g(x)}. Then, the relationship
between Problems (P) and (P') is given in the following
lemma.
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Lemma 5. If x, is a local minimizer for Problem (P), then x,
is also a local minimizer for Problem (P').

To deal with the nonsmooth Problem (SIP), we need the
following Conditions 1 and 2.

Condition I. We assume that (a) the sets Y and Z are compact;
(b) the function ¢(x, y) is upper semicontinuous in (x, y),
and the function y(x, z) is upper semicontinuous in (x, z); (c)
the function ¢(x, y) is locally Lipschitz in x and uniformly for
yin Y, and the function y(x, y) is locally Lipschitz in x and
uniformly for z in Z; (d) the function ¢(x, y) is regular in x;
that is, ¢..(x, y; ) = </>;(x, ¥;+), where the symbol </>:C denotes
the derivative with respect to x; also the function y/(x, z)
is regular in x; (e) the set-valued map 0¢,(x, y) is upper
semicontinuous in (x, y), and the set-valued map dy,(x, z)
is upper semicontinuous in (x, z).

Condition 2. For any finite subset Z' ¢ Z(x*), for some x* €
Egp, the equality ), 1,{, = 0 with 77, > 0, {, € oy(x", 2),
z € Z', implies that

n,=0, VzeZ. (8)

Clarke [22, Theorem 2.1] has shown that, under the
assumptions (a)-(e) of Condition 1, the maximum function
f defined by (6) is locally Lipschitz; f'(x,d) exists and is
given by the formula

f,(x’d) =f°(x,d)
€
=max{¢-d|&ecdP(x,y),yeY(x)},

where & - d denotes the inner product of vectors & and d.
Moreover, the sup in (6) can be replaced by max and the
subgradient df (x) is given by

of (x) = co { U a9 (x y)} : (10)

yeY(x)

Similarly, the maximum function g defined by (7) is
locally Lipschitz; g'(x, d) and dg(x) are given by

g, (X, d) = go (x7 d)

-max{{-d|{ oy zeZWh

0g (x) = co{ U axw(x,z)} ,

z€Z(x)

respectively.

3. Optimality Conditions

In this section, we establish not only the necessary optimality
conditions theorems but also the sufficient optimality condi-
tions theorems for Problem (SIP) with the functions involved
being locally Lipschitz with respect to the variable x.

Theorem 6 (necessary optimality conditions). Let x* be an
optimal solution of (SIP). One also assume that Condition 1
holds. Then there exist nonnegative integers q* andm™ with 1 <
q"+m” <n+1,vectors y; € Y(x") (i € Q"), z; € Z(x")(j €
M?*), and scalars A} > 0 (i € Q"), ;4;7 >0 (j € M*) such that

q m"
0eYNG(x"y)+ Yuow(x"z), (12
i=1 j=1

i=1

q m”
YA+ Zy; £0. (13)
j=1

Here, one allow the case, where if g* = 0, then the set Q" is
empty; similarly, if m* = 0, then the set M™ is empty.

Proof. Let x* be a local minimizer for Problem (SIP). This
means that x* is a local minimizer for Problem (P), where f
and g are given by (6) and (7), respectively. Therefore, x* is a
local minimizer for Problem (P’).

By Condition 1 and [22, Theorem 2.1], f is locally Lips-
chitzian and regular at x*, so the function

Fx)=f(x)-f(x") (14)

has the same properties. Then, using [21, Propositions 2.3.2
and 2.3.12], we obtain

0 € dh(x")

=co {af(x*) Udg (x*)} = co{of (x")uag (x")}

=co <|co <l U qub(x*,y)} U co <| U axw(x*,z)}}
YV (') 2eZ(x*)

:co{ U ax¢(x*,y)U U axl//(x*,Z)};
yeY(x*)

z€Z(x")
(15)
here the equality
co(coAUcoB) =co(AUB) (16)

is used in the fourth equality. Hence, by Caratheodory’s
theorem, there exist the nonnegative integers ¢* and m”* and
the scalars A; > 0 (i € Q") and ;4; >0 (j € M) such that

1<qg +m"<n+1,

q m* (17)
0= Zligi + ZM](J
i=1 j=1



for some &; € ey 0xP(x", ¥) and §; € U ez Ox Y (57, 2).
Note that, for each i € Q", §; € U,ey(xr) 0,p(x", ) means
that there exists y € Y(x") such that & € 0,¢(x", y), and
denote this y by y;. Similarly, there exists z; € Z(x") such
that {; € d,y(x",z;) for each j € M". Now the desired

inequalities (12) and (13) can be deduced from the above
discussion. O

Theorem 7 (necessary optimality conditions). Let x* be an
optimal solution of (SIP). One also assume that Conditions 1
and 2 hold. Then there exist the nonnegative integers g* > 0
andm® with1 < q" + m" < n+ 1, the vectors y; € Y(x") (i €
Q") z;f € Z(x") (j € M"), and the scalars A} > 0 (i € Q"),
u; >0(j € M") satisfying (12) and

Nt

A =1 (18)
1

Proof. By Theorem 6, we need to prove g* #0, on the con-
trary, that is, ¢* = 0, then one obtains from (12) and (13) that

0¢€ Zy;axv/ (x*,z;“) , (19)
=1
D H; #0, (20)
=1

respectively. By (19), there exist {; € 9, y(x", z;) for j € M
satisfying

Z."‘; (j =0. (21)
=1

Now one obtains from the assumptions of Condition 2
thaty; = 0for j € M"; this contradicts to (20), and we obtain
the desired results. O

Next, we derive a sufficient optimality conditions theorem
for Problem (SIP) under the assumption of (®, p)-invexity as
defined in Definition 3.

Theorem 8 (sufficient optimality conditions). Let (x*,q",
m*, A", u*, y*, z*) satisfy conditions (12) and (18), where y* :=
(yl*,...,y;*) and z* = (z],...,z,.). Assume that (-, y),
ieQ, are (0, pfb)—invex at x* on X and ¢(., z;), jeM”*, are
(D, p;f/)—invex atx* on X. If J(x*) +0 and

9 m*
Z/\fpf (x,x") + Z‘u;p}" (x,x")=0, VxeX, (22
i=1 j=1

then x* is an optimal solution to (SIP).
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Proof. Suppose, contrary to the result, that x* is not an opti-
mal solution for Problem (SIP). Hence, there exists x, € Egp
such that

sup$ (x0,y) < (x",y"), ieQ,
yey

(23)
¥ (x2) <0=y(x"z]), jeM"
Thus,
¢ (x0y) <P (x"y), ieQ,
w(xo,zj) sv/(x ,zj), jeM .
Now, we can write the following statement:
;
Z/\i (¢ (x()»)’i )~ ¢ (x > Y )
i=1
(25)

+ 25 (v (x02)) v (.2])) <o
j=1

By the generalized invexity assumptions of ¢(-, y") and
(., z;), we have

‘l5(x0))’i*) _¢(x*>yi*)
> (xo’X*7 (51" P;b (xo,x*))) » V€0 (xT ),
v (%02)) -y (x"2])

> q)(xo,x*,((.,p;’/ (xo,x*))), V(€ oy (x*,z;).

(26)
Employing (26) to (25), we have
q "
ZATQ (xo’ x" (gi’ p; (x5 X*)))
i=1
(27)
m
+ Z//lj ) (xo, x", (C,p}" (%> x ))) <0.
=1
By (18) and the convexity of @, we deduce that
v e . )
Q| xpx, Z/\i &+ Z.”j Cj ZAi p; (x0,x7)
i=1 =1 i=1
(28)

i
+Zy;p}" (x> x*)>> <0.
j=1

This, together with (40) and the assumption ®(x,,x",
(0,a)) > 0 for any a > 0, follows that

q° m"
0¢ Y A0, (x",y )+ Zy;axlp (x*,z;.‘) . (29
i1

j=1

This is a contradiction to condition (12). O
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Example 9. LetY = [0,1] and Z = [1,2]. Define

x+2y, y=2x

3
¢<x,y>={ vone) |- 22

2x+y, x<y,

Then, ¢(-, y) is (O, 1)-invex at x = 1 foreach y € Y, y is
(d, 1)-invex at x = 1 for each z € Z, and

B | x+ 2, y=x
f<x>-—§‘g$¢<x’y>-{2x+1, c<y,
(31)
3 1
g(x):= ilellz)lll(x,z) = |x— §| -5
Note that
1, yzXx
0p (v, y) = 1[L,2], x=y,
) (32)
> X < y;

oW (x,2) =V y(x,z) =1

Consider x, = 1. Since Y(x,) = {1}, then we can assume
q = 1. Therefore,

0elop(1,1)—pudyw(1,1)=A[1,2] —p, (33)

where A = py = 1. Now, from Theorem 8, we can say that
X, = 1 is an optimal solution to (SIP).

4. Duality

Making use of the optimality conditions of the preceding
section, we present dual Problem (DI) to the primal one
(SIP) and establish weak, strong, and strict converse duality
theorems. For convenience, we use the following notations:

K(x) = {(q,m,/\,i,i) [l<g<gq+m<n+],

A=(Ay..050,) with i}ti =1,

i=1

A >0forieQ,

7=(y1,...,yq) with y; € Y (x),i € Q,

Z=(zp,...,2,) withz; € Z(x),j € M}
(34)
Our dual problem (DI) can be stated as follows:

max sup A
(q,m,/\,y,Z)EK(w)(w,M,y)g H, (gm,1,7,2) (D)

where H,(q,m, A, y,Zz) denotes the set of all (w, i, v) satisty-
ing

9 m
0€ Ao (wy)+ Y udy(wz), weX, (35

i=1 j=1
$(w,y)=2v=20, ie€Q (36)

wiy (w, zj) >0, jeM, (37)

= (s ) with ;>0 for j e M, (38)
(g.m A1y.2) € K(w). (39)

Note that if H,(q,m, A,y,z) is empty for some (g, m, A,

7,2) € K(w), then define sup ,, , ,yepy (gm 152 ¥ = —00-

Theorem 10 (weak duality). Let x and (w,q,m, A, 4, v,y,%)
be (SIP)-feasible and (DI)-feasible, respectively. Suppose that

o, y;),i € Q, are (O, pf’)—invex atwon X andy(., zj), jeM,
are (O, p;.’/)-invex atwon X. If

q m
Zkip;b (x,w) + Zyjp;” (x,w) =0, (40)
i=1 =1
then
su X, Z .
ydl: ¢ (% y) (41)

Proof. Suppose to the contrary that sup . ¢(x,y) < 7
Therefore, we obtain

ye€Y(w),VyeY, ieQ
(42)

¢(xy) <v<¢(w, ),

Thus, we obtain

P p) <p(wy), yeY(w),ieQ  (43)
Note that
y(x,2)<0, zeZ
(44)
wiw (w,2;) 20, §;>0,z;€ Z(w), j € M.
We obtain that
Uiy (x,zj) < ujy (w,zj), j€M. (45)
Therefore,
q
Z/\i (¢ (% 3;) — ¢ (w, 37))
i=1
(46)

+ j_i”j (v(xz)-v(wz)) <o.



Similar to the proof of Theorem 8, by (46) and the gen-
eralized invexity assumptions of ¢(-, y;) and y(-, z;), we have

<x w,<ZAE + Z‘u]C ,ZAIPI (x, w)
i=1 i=

+Zyjp}" (x, w)>> <0
=1

0¢ZA Swr)+ Yudw(wz). @y
j=1

(47)

This follows that

Thus, we have a contradiction to (35). So supyeygb(x, y) =
V.

Theorem 11 (strong duality). Let Problem (SIP) satisfy Condi-
tions 1 and 2; let x* be an optimal solution of Problem (SIP). If
the hypothesis of Theorem 10 holds for all (DI)-feasible points
(w, g, m, A, 4, %, 9, Z), then there exists (q*,m*,A*, y*,z*) €
K(x™), (x*,u",v") € H,(q*,m*, A", y*,z*) such that (x*, q",
m* A"y, v*,)7, z*) is a (DI)-optimal solution, and the two
problems (P) and (DI) have the same optimal values.

Proof. By Theorem 7, there exists v* = ¢(x*, y/) (i = 1,...,
q"), satisfying the requirements specified in the theorem,
such that (x*,q*,m*,)t*,y*,v*,f,z_*) is a (DI)-feasible
solution; then the optimality of this feasible solution for (DI)
follows from Theorem 10. O

Theorem 12 (strict converse duality). Let x, and (w, g, m, A,
U, ¥, Z) be optimal solutions of (SIP) and (DI), respectively.

Suppose that ¢(-, y;) are strlctly (D, p; 9)-invex at w for eachi €
Qandvy(-z; ;) are (D, p; ¥Y-invex at w for each j € M. If

q
Z/\iP;b (%p> w) ZMJ (xpw) 20, (49)
i=1

then x, = w; that is, w is a (SIP)-optimal solution, and

sup ¢ (x0, ) = . (50)

Proof. Suppose to the contrary that x, # w. By the generalized
invexity assumptions of (-, y;) and y(-, z;), we have

w, (&5 (x0))).
VEi € ax(p (w’ yt) >
 (505) ¥ () 2 © (300,01} (500).

V(; € oy (w, zj).
(51)

¢ (x0, 1) =P (w, ;) > @ (an
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Therefore, we obtain from (51) and the convexity of ® that

B0 30 =8 090)+ S (0 (55) - (1)

q m q

>0 (xo,w, <Z)Li€i + Z."‘j{" Z/\iP:p (x50, w)
i1 =1 i=1

! (xo,w>>>

=1
(52)

holds for all §; € d.¢(w, y;) and (;
together with (35), (49), and

€ dy(w,z;). This,

@ (xg,w,(0,a)) >0 fora>0, (53)

follows that

iki (¢ (x5 1) = b (w, ;)

(54)
* Z!ﬂ (v (x02)) v (w.2)) > 0
while
245 (v (x02)) ~ v (w 7)) <. (55)
j=1
Thus
q
ZAi (¢ (%0, 1) = ¢ (w, ;) > 0. (56)

From the above inequality, we can conclude that there
exists i, € Q, such that

¢ (xO))’io) -¢ (w, )’iﬂ) >0 (57)
or
¢ (xo: ,'Vio) > ¢ (w, J’io) . (58)

It follows that

sup ¢ (xo,7) 2 ¢ (%0, 3;,) > 6 (w33,) > . (59)

yeyYy
On the other hand, we know from Theorem 10 that

sup (0> ) = 7. (60)

This contradicts to (59). O
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5. Conclusions

In this paper, we have discussed a nonsmooth semi-infinite
minimax programming Problem (SIP). We have extended the
necessary optimality conditions for Problem (SIP) consid-
ered in [17] to the nonsmooth case; we have also extended
the sufficient optimality conditions and dual results of Prob-
lem (SIP) addressed by M. V. $tefanescu and A. $tefanescu
in [17] to the nonsmooth case under the Lipschitz (®, p)-
invexity assumptions as defined in [16]. More exactly, we have
established the necessary optimality conditions theorems
for the Problem (SIP) when using Caratheodory’s theorem.
Under the Lipschitz (®, p)-invexity assumptions as defined
in [13], we have derived the sufficiency of the necessary
optimality conditions for Problem (SIP). In the end, we
have constructed a dual model (DI) and derived duality
results between Problems (SIP) and (DI). These results extend
several known results to a wider class of problems.
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